We tested the hypothesis that reductions of perfusion pressure distal to a flow-limiting coronary artery stenosis can directly impair perfusion of the suibendocardial myocardium. Dogs were instrumented with an electromagnetic flowmeter probe and a variable occluder on the proximal left circumflex coronary artery. Coronary perfusion pressure was measured with a catheter distal to the occluder. Coronary autoregulation was abolished by intraarterial infusion of adenosine to produce maximal coronary vasodilation. The transmural distribution of myocardial blood flowwas measured with radioactive microspheres during unimpeded arterial inflow, when the occluder was progressively narrowed to reduce distal coronary pressure to approximately 70%, 50% and 35% of the control coronary perfusion pressure, and during total coronary occlusion. Heart rate, left ventricular diastolic presure and the fraction of coronary artery flow during systole remained constant throughout the study. Progressive reductions of coronary perfusion pressure were accompanied by direct reductions of the subendocardial/subepicardial blood flow ratio (r = 0.83). Examination of the relationship between myocardial blood flow and coronary perfusion presure showed that blood flow decreased linearly with perfusion pressure, with flow ceasing at a positive pressure (zero-flow pressure). Blood flow data from four transmural myocardial layers from epicardium to endocardium showed that this zero-flow pressure increased progressively from 10 ± 2.1 mm Hg in the subepicardium to 18 ± 2.3 mm Hg in the subendocardium (p < 0.01). Consequently, as coronary pressure was reduced, the zero-flow pressure represented a progressively greater fraction of coronary pressure in the subendocardium than in the subepicardium. This effect appeared to account for the progressive redistribution of blood flow away from the subendocard:ium that occurred as coronary pressure was decreased. Myocardial vascular resistance did not change as a result of changes in coronary perfusion pressure.
CLINICAL and pathologic observations have demonstrated selective vulnerability of the subendocardium to ischemic injury in patients with occlusive coronary artery disease. In support of these observations, measurements of the transmural distribution of myocardial blood flow in experimental animals have shown that when a coronary stenosis reduces blood flow below myocardial metabolic requirements, hypoperfusion is most severe in the subendocardium." Although several factors may contribute to this redistribution of blood flow away from the subendocardium, a very prominent effect when a coronary stenosis becomes flow-limiting is a marked decrease in coronary pressure distal to the stenosis.3 Recent studies of the pressure-flow relationship of the coronary circulation show that alterations of diastolic coronary pressure can directly influence the transmural distribution of myocardial blood flow. Thus, studies by Domenech' and by Ellis and Klocke,' in which a cannula was used to perfuse the coronary arteries of open-chest dogs, demonstrated that when coronary inflow was limited to diastole, reductions of cannula pressure impaired subendocardial perfusion.
Because of this effect of diastolic coronary perfusion pressure on the transmural distribution of myocardial blood flow during diastole, it is likely that reductions of coronary perfusion pressure resulting from a proximal coronary artery stenosis would similarly affect subendocardial perfusion.
The present study was designed to examine the effects of reduced coronary perfusion pressure resulting from a proximal coronary artery stenosis on the transmural distribution of myocardial blood flow in dogs. Unlike previous studies in which the pressureflow relationships of the coronary circulation were examined during diastole, in the present study coronary flow was allowed to occur throughout the entire cardiac cycle while the severity of a proximal coronary artery stenosis was altered to result in variable reductions of distal coronary pressure. To eliminate the interfering effects of coronary autoregulation on the transmural distribution of myocardial blood flow, studies were carried out during maximal coronary vasodilation produced by infusion of adenosine.
Methods
Studies were carried out in seven adult mongrel dogs that weighed [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] kg. The dogs were anesthetized with i.m. morphine sulfate, I mg/kg, and i.v. a-chloralose, 85 mg/kg, and ventilated with a respirator. A left thoractomy was performed in the fourth intercostal space and the heart suspended in a pericardial cradle. A polyvinyl chloride catheter (o.d. 3.0 mm) was inserted into the left atrial cavity through the atrial appendage and secured with a pursestring suture. A similar catheter was inserted into the aortic root through the left internal thoracic artery. The proximal 2.0 cm of the left circumflex coronary artery was dissected free and a Statham SP-type electromagnetic flowmeter probe was snuggly fitted around 928 CORONARY PERFUSION PRESSURE/Bache and Schwartz the artery. A flexible wire snare attached to a micrometer was placed around the artery distal to the flowmeter probe to allow production of graded degrees of subtotal or total coronary occlusion. The circumflex coronary artery distal to the occluder was cannulated with PE50 polyethylene tubing for pressure measurement and infusion of adenosine. The right femoral artery was dissected free and cannulated with a #7F NIH catheter passed retrograde into the left ventricle.
Blood flow through the left circumflex coronary artery was measured with a Statham SP2202 electromagnetic flowmeter. The systolic and diastolic fractions of coronary blood flow were obtained by electrical integration using a Hewlett-Packard model 8815-A integrator. Systolic flow was taken as the interval corresponding to left ventricular ejection measured from the aortic pressure tracing. Flowmeter calibrations were performed by passing measured flows of blood through the flowmeter probe at the end of each study. Aortic, left ventricular and distal coronary pressures were recorded with Statham P23Db pressure transducers. Lead II of a standard ECG was obtained. The data were recorded with a Hewlett-Packard model 8800 direct-writing oscillograph.
Transmural myocardial blood flow was measured by serial injections of microspheres, 15 ,u in diameter, labeled with gamma-emitting radionuclides: 1251, 14'Ce, 51Cr, 85Sr, 56Nb and 4"Sc (3M Company)." The microspheres were diluted in 10% low-molecularweight dextran; approximately 3 X 106 microspheres were injected into the left atrium during each intervention. Before injection, the microspheres were thoroughly mixed by agitation for at least 15 minutes in an ultrasonic bath and a vortex agitator. During each intervention, the microsphere suspension was injected into the left atrium and flushed with 3.0 ml of isotonic saline for 10 seconds. Beginning 5 seconds before the injection, a reference sample of arterial blood was withdrawn from the aortic catheter at a constant rate of 15.0 ml/min for 90 seconds. The microsphere injection did not change heart rate, left ventricular and coronary artery pressures, or coronary blood flow measured with the electromagnetic flowmeter.
Microspheres were initially injected in the absence of coronary artery stenosis to assess the distribution of myocardial blood flow during normal conditions. Subsequently, adenosine was infused into the coronary artery catheter to produce maximal vasodilation within the distribution of the circumflex coronary artery. The adenosine was dissolved in normal saline in a concentration of 20 mg/ml and the infusion was performed with a Harvard syringe pump (model 901). The infusion rate that produced maximal vasodilation was determined as the rate at which no further increase in coronary flow occurred during infusion of larger dosages of adenosine and at which no further increase in blood flow occurred during the reactive hyperemia after a 10-second total coronary occlusion. After this infusion rate was determined, the rate of adenosine infusion was doubled for the remainder of the study to ensure maximal coronary vasodilation. The average infusion rate was 0.21 ± 0.05 ml/min (4.2 ± 0.10 mg/min). The infusion of adenosine was begun 10 minutes before the first experimental intervention and was continued at a constant rate until the conclusion of the study.
Microspheres were initially injected during adenosine infusion in the absence of coronary stenosis (adenosine 1). Subsequently, microspheres were injected with the coronary artery snare tightened to reduce distal coronary pressure to approximately 70%, 50% and 35% of the coronary pressure during adenosine 1 (adenosine 2, 3 and 4, respectively). During each intervention, the snare was tightened until the appropriate coronary pressure was achieved; microspheres were injected after the coronary pressure had been stable for 15 seconds and the occlusion was maintained for an additional 45 seconds to ensure that the microspheres were completely dispersed before the occlusion was released. Finally, microspheres were injected 15 seconds after the onset of a 60-second total coronary occlusion (adenosine 5). A 15-minute interval was allowed between each microsphere injection, and the sequence in which the coronary constrictions were applied was randomized.
After completion of these studies, 10 ml of Evans blue dye was injected into the coronary artery catheter to stain the portion of left ventricular wall perfused by the circumflex coronary artery. The heart was then removed, weighed and fixed in 10% buffered formalin. After fixation, duplicate specimens of stained left ventricular posterior wall were taken to represent the myocardial regions under study; similar myocardial specimens were removed from the anterior wall to serve as controls. Each tissue block was divided into four transmural layers of equal thickness from epicardium to endocardium, weighed and placed in vials for counting. Individual specimens weighed 1.0-2.5 g. The transmural layers were designated as layers 1-4; layer 1 was closest to the epicardium and layer 4 was closest to the endocardium.
Radioactivity was determined with a Packard model 5912 gamma spectrometer with multichannel analyzer at window settings selected to correspond to the peak energies of each radionuclide. The activities recorded in each energy window were corrected by digital computer for background activity and for overlapping counts contributed by the accompanying isotopes. Blood flow to each myocardial specimen was computed using the formula Qm = Qr Cm/Cr, where Qm = myocardial blood flow (ml/min), Qr = reference blood flow (ml//min), Cm = counts/min of the myocardial specimen and Cr = counts/min of the reference blood flow specimen. Myocardial blood flow (ml/min) was divided by the corresponding sample weight and expressed as ml/min per gram of myocardium.
Statistical Analysis
The hemodynamic data during progressive coronary stenosis were analyzed using one-way analysis of variance. Myocardial blood flow data were ana-929 VOL 65, No 5, MAY 1982 lyzed using two-way analysis of variance, testing for significant effects of the experimental intervention as well as the transmural location of the myocardial specimen. A value of p < 0.05 was required for statistical significance. When a statistically significant effect was found, multiple contrasts were performed. The resultant p values were adjusted using the Bonferonni method.7
To examine the relationship between transmural blood flow and coronary perfusion pressure, myocardial blood flow to each of the four transmural layers was plotted against coronary pressure for each of the five microsphere injections during adenosine infusion. In every case, a close linear fit was observed between these variables, with the x-intercept occurring at a positive coronary pressure (zero-flow pressure). To determine whether the pressure-flow relationships for subendocardial and subepicardial myocardium were different, the regression lines for layer 1 and layer 4 were tested by analysis of variance for comparing two regression lines.8 In addition, the slopes and intercepts of the regression lines for each transmural layer were compared using Friedman's test for multiple matched groups and two-way analysis of variance.9 A value of p < 0.05 was required for statistical significance. When a statistically significant effect was found, multiple contrasts were carried out. Myocardial vascular resistance for the subepicardium (layer 1) and subendocardium (layer 4) was computed at each perfusion pressure during adenosine infusion as follows: MVR = [(CPP-Pf=,) X 1/MBF], where MVR = mean myocardial vascular resistance (mm Hg * ming * ml -1), CPP = mean coronary perfusion pressure (mm Hg), Pfro = coronary zero-flow pressure (mm Hg), and MBF = mean myocardial blood flow measured with microspheres (ml * min-' .g-1). The ratio of subendocardial to subepicardial blood flow (endo/epi) was obtained by dividing flow to layer 4 by the corresponding flow to layer 1.
Results
Hemodynamic data are shown in table 1. During control conditions, the mean heart rate was 125 ± 12 beats/min, mean aortic pressure was 101 ± 5 mm Hg, and mean left ventricular diastolic pressure was 6.4 ± 0.6 mm Hg. These variables were not changed sig-nificantly by intracoronary infusion of adenosine or by any level of transient coronary artery constriction.
During control conditions, there was a 7 ± 1 mm Hg mean pressure gradient from the ascending aorta to the coronary artery catheter distal to the electromagnetic flowmeter probe. Intracoronary infusion of adenosine increased blood flow measured with the electromagnetic flowmeter from 41.3 ± 5.5 ml/min to 239 ± 40.7 ml/min with the occluder completely released. Concomitantly, mean coronary pressure distal to the flowmeter probe decreased to 75 ± 6 mm Hg. Progressive increases in the degree of coronary constriction were associated with parallel reductions of distal coronary pressure and blood flow through the flowmeter probe. During total coronary artery occlusion, distal coronary pressure fell to 17 ± 2 mm Hg. During control conditions, 14.0 ± 1.0% of coronary blood flow measured with the electromagnetic flowmeter occurred during systole (table 2) . Adenosine infusion to produce maximal coronary vasodilation during unrestricted arterial inflow resulted in an increase in the systolic fraction to 31.1 ± 1.3% of total coronary flow. Reduction of coronary inflow by progressively increasing the degree of proximal coronary arterl constriction during maximal coronary vasodilation did not alter the relative proportion of flow occurring during systole (table 2) .
Myocardial blood flow measurements obtained with microspheres are shown in table 3. During control conditions, blood flows in the anterior and posterior left ventricular wall were similar and the transmural distribution of perfusion was uniform (endo/epi = 1.04 ± 0.05). Infusion of adenosine into the left circumflex coronary artery to produce maximal coronary vasodilation in the posterior left ventricular wall resulted in no significant change in either total inflow or the transmural distribution of perfusion in the anterior left ventricular wall. Myocardial blood flow to the anterior left ventricular wall tended to increase during the most severe degree of circumflex coronary artery stenosis (adenosine 4), as well as during total coronary artery occlusion (adenosine 5), but not significantly. During unimpeded coronary inflow, adenosine infusion resulted in a 543 ± 76% increase in mean myocardial blood flow, associated with a significant redistribution away from the subendocardium, and the endo/epi ratio decreased to 0.75 ± 0.05 (p < 0.05). Progressive reductions of coronary pressure produced by progressively increasing the proximal coronary artery stenosis resulted in progressive decreases of the endo/epi ratio (table 3, fig. 1 ). During total coronary artery occlusion, mean myocardial blood flow (representing intracoronary collateral flow) decreased to 0.23 ± 0.05 ml/min per gram of myocardium, while the endo/epi ratio further decreased to 0.25 ± 0.06 (each p < 0.01). To further explore the relationship between transmural flow and coronary perfusion pressure, myocardial blood flow to each of the four transmural layers was plotted against coronary pressure for each of the five microsphere injections during adenosine infusion ( fig. 2 ). Data from individual transmural layers of individual dogs showed a close linear relationship between coronary pressure and myocardial blood flow (r = 0.93-0.999) and a statistically significant difference between the regression lines for layers 1 and 4 (p < 0.001). Using the individual linear regression equations computed for each transmural layer, the corresponding x-intercepts (zero-flow pressures) were determined in each dog by extrapolation. The mean xintercept for the four transmural layers from epicardium to endocardium is shown in figure 3 . Zero-flow pressure increased progressively from 10 2.1 mm Hg in layer 1 to 18 ± 2.3 mm Hg in layer 4 (p < 0.001). There was a significant increase in zero-flow pressure from layer 1 to layer 2 (p < 0.003) and a further increase from layer 2 to layer 4 (p < 0.05); the increases from layer 2 to layer 3 and from layer 3 to layer 4 were not statistically significant.
To determine whether changes in transmural vascular resistance could account in part for the redistribution of perfusion away from the subendocardium as perfusion pressure was decreased, myocardial vascular resistance was examined for the subepicardial (layer 1) and subendocardial (layer 4) myocardium at each perfusion pressure during adenosine infusion. Myocardial vascular resistance was significantly lower in the subepicardium than in the subendocardium (p < 0.01), but changes in coronary perfusion pressure did not result in significant alterations of myocardial vascular resistance in either the subepicardium or subendocardium ( fig. 4 ). However, during total coronary occlusion, myocardial vascular resistance computed for the subepicardium increased significantly, but subendocardial vascular resistance could not be computed, as mean coronary perfusion pressure (17 ± 2 mm Hg) decreased below the zero-flow pressure (18 2.3 mm Hg).
Discussion
During normal unimpeded coronary artery inflow, subendocardial perfusion is equal to or greater than subepicardial perfusion. However, when a proximal coronary stenosis reduces arterial inflow below myocardial requirements, the resultant hypoperfusion is not uniform across the left ventricular wall. Hypoperfusion worsens from epicardium to endocardium, with the most severe ischemia occurring in the subendo- 1 . Mean coronary pressure distal to the stenosis is plotted against the ratio of subendocardial/subepicardial blood flow for seven dogs. Each dog is represented by a different symbol, and the individual data points depict progressive reductions ofcoronary pressure produced by increasing the severity of the coronary stenosis. All measurements were obtained during maximal coronary vasodilation produced by intraarterial infusion of adenosine. cardium.' 3 Several factors may contribute to this redistribution of perfusion when arterial inflow is inadequate to meet myocardial metabolic needs. First, during normal conditions coronary vascular resistance varies throughout the cardiac cycle, increasing as myocardial contraction compresses the intramural coronary vasculature during systole and decreasing during diastole. Because coronary flow rates are normally highest in diastole, a proximal coronary artery stenosis assumes relatively greater importance during diastole and tends to reduce diastolic flow preferentially, which increases the relative proportion of flow during systole."0 '1 A relative increase in systolic flow would be expected to favor perfusion of the subepicardium, where blood flow can occur during cardiac contraction, consequently reducing relative perfusion of the subendocardium.12, 13 A second mechanism for redistribution of blood flow away from the subendocardium in the presence of a flow-limiting proximal coronary stenosis may result from loss of the ability of active vasomotion to selectively direct coronary blood flow to the subendocardium during diastole. Thus, if coronary inflow is inadequate because of a proximal coronary stenosis, intense vasodilation of the distal coronary vasculature occurs. The resultant loss of vasomotor activity may compromise the ability of the coronary resistance vessels to maintain a vascular resistance gradient, favoring preferential flow to the subendocardium in diastole to compensate for systolic underperfusion. 3 Coronary Pressure (mm Hg) FIGURE 2. Left ventricular myocardial blood flow to the subepicardium (layer 1), the midwall (layers 2 and 3), and the subendocardium (layer 4) is plotted against coronary pressure distal to the stenosis for a 30.5-kg dog. Measurements were obtained during unimpeded arterial inflow, during three levels of progressively increasing coronary stenosis, and during total coronary occlusion while maximal coronary vasodilation was maintained by intraarterial infusion of adenosine. There is a statistically significant difference between the regression lines for layer 1 and layer 4 (p < 0.001).
trinsic gradient of vascularity appears to ensure uniform transmural myocardial perfusion at slow heart rates in the presence of normal coronary perfusion pressure. However, as heart rate increases, reduction of the interval of diastole requires an increasing diastolic vascular resistance gradient favoring blood flow to the subendocardium to compensate for the decreasing interval of diastole."' This changing diastolic vascular resistance gradient in response to changes in heart rate requires active coronary vasodilation. '15 In addition to the relative shift of blood flow into systole and the loss of coronary vasomotor activity, a proximal flow-limiting coronary stenosis can also reduce distal coronary perfusion pressure considerably. We examined the direct effects of reductions of coronary perfusion pressure on the transmural distribution of myocardial blood flow, and attempted to eliminate other factors that alter the transmural distribution of myocardial blood flow. Thus, adenosine was used to produce maximal coronary vasodilation and thereby abolish the effects of active coronary vasomotion on the transmural distribution of perfusion. Heart rate remained constant throughout the study, which eliminated effects of changes in the duration of diastole available for perfusion of the subendocardium. Left pressure, the line describing this relationship intersected the x-axis at a positive pressure, which significantly increased from epicardium to endocardium.
The zero-flow pressure was 10 ± 2.1 mm Hg in layer 1 and increased progressively to 18 ± 2.3 mm Hg in layer 4 (p < 0.001). The increase in zero flow pressure / * ..~~from layer I .(subep icardium) to layer 4 (subendocar-T / I | dium) of 8.0 i 0.9 mm Hg was not significantly different from the mean left ventricular diastolic pressure (6.5 ± 0.6 mm Hg). This suggests that increasing . / tissue pressure from atmospheric pressure at the epicardial surface in these open-chest dogs to cavitary pressure at the endocardium may account for this gradient of zero-flow pressure. Conditions for interaction between extravascular tissue pressure and intravascular pressure have been proposed in the vascular waterfall hypothesis."' A vascular waterfall can operate when at least one segment of the vascular bed possesses the characteristics of a collapsible tube, which can be acted upon by the surrounding tissue pressure. In this situation, whenever tissue pressure exceeds the venous pressure, resistance to blood flow is I l I l related to the dynamic interaction of intravascular dis-2 3 4 tending pressure and tissue pressure. Resistance to blood flow is determined by the degree of constriction Epicardium -> Endocardium of the vessel created by these two opposing pressures.
Layer
As the extravascular tissue pressure acts to collapse 3. The mean pressure at which flow ceased (zero-the vascular segment, the intraluminal pressure will ssure)isplotted.forthefourtransmurallayersfrom oppose collapse. A dynamic equilibrium is reached srdium to subendocardium. *Values significantly when the narrowing created by partial collapse of the frirom layer 1.
tsValues significantly different from vessel generates sufficient proximal intraluminal preslayer 4. significantly influences subendocardial perfusion, remained constant throughout the study.4' Similarly, the fraction of coronary inflow during systole did not change with changes in the degree of coronary artery stenosis. Reductions of coronary perfusion pressure alone, without changes in heart rate, vasomotor activity or left ventricular diastolic pressure, resulted in a relative shift of transmural perfusion away from the subendocardium. During severe coronary stenosis or total coronary occlusion, the pressure gradient between the left circumflex coronary artery perfusion bed and the adjacent normally perfused coronary arteries would be expected to result in inflow of blood to the area under study through intercoronary collateral channels. This was demonstrated by microsphere measurements, which showed a flow of 0.23 i 0.05 ml/minper gram of myocardium during total coronary occlusion. Because microspheres injected into the left atrium label all arterial blood uniformly, measurements of blood flow with microspheres include both antegrade flow and collateral flow. For this reason, coronary pressure-flow relationships were studied using measurements obtained with microspheres. Measurements sure to prevent further collapse. As long as the perfusion pressure exceeds the extravascular force, the vessel can never fully collapse. Conversely, whenever the extravascular compressing force exceeds the intravascular pressure, flow will cease. In addition, in a vascular system with vasomotor tone (which was eliminated by administration of adenosine in the present study), the additive effect of active vasoconstriction may cause flow to cease at a perfusion pressure in excess of tissue pressure. Although the zero-flow pressures observed in this study would be of little consequence in the presence of normal coronary perfusion pressures, they become a greater fraction of the antegrade pressure as coronary pressure decreases, and may therefore exert a progressively greater influence on coronary flow. Thus, at a coronary pressure of 73 mm Hg, the effective pressure perfusing the subepicardium would be 73-10, or 63 mm Hg, while subendocardial perfusion pressure would be 73-18, or 55 mm Hg, a difference of 13%. However, at the lowest coronary pressure (26 mm Hg) during coronary constriction in the present study, effective subepicardial perfusion pressure would be 26-10, or 16 mm Hg, while subendocardial perfusion pressure would be 26-18, or 8 mm Hg, a 50% difference. Thus, the relative shift in the transmural distribution of perfusion away from the subendocardium that occurred during reduction of coronary perfusion pressure can be explained without invoking an increase in vascular resistance within the subendocardium, but merely as a result of a constant small difference in extravascular compressive forces acting on the intramural coronary vessels from endocardium to epicardium. This difference becomes a greater fraction of driving pressure as coronary pressure is reduced.
Ellis and Klocke5 studied open-chest dogs in which coronary inflow was limited to diastole by means of an R-wave-triggered valve, while maximal coronary vasodilation was produced by administration of carbocromen. These workers found, as we did in the present study, that zero-flow pressures were significantly higher in the subendocardium than in the subepicardium at normal left ventricular preloads, but the range of zero-flow pressures from subepicardium (15 ± 1.3 mm Hg) to subendocardium (17 ± 1.4 mm Hg) was less than in the present study. Thus, the zero-flow pressure in the subepicardium in the present study was lower than that observed by Ellis and Klocke,5 but the zero-flow pressure in the subendocardium was similar in these two studies. This difference is probably related to differences in the perfusion system used in these two studies. Perfusion occurred throughout the entire cardiac cycle in the present study, while Ellis and Klocke5 limited coronary inflow to diastole. In studies of critical closing and opening pressures in the coronary circulation of open-chest dogs on right-heart bypass, Sherman et al.17 found that the pressures at which coronary flow resumed were considerably higher than the pressures at which perfusion stopped. If vascular closure occurred at reduced coronary perfusion pressures in the present study, it is possible that the sys-tolic pressure pulse associated with systolic inflow acted to reopen subepicardial vessels and therefore maintain some degree of inflow at lower pressures than when inflow is limited to diastole. This would act to amplify the transmural redistribution of perfusion in favor of the subepicardium in the presence of a proximal flow-limiting coronary stenosis.
Including systolic flow in the analysis of the pressure-flow relationship would alter the slope of the resultant curve because the slope is determined by the impedance to flow averaged over systole and diastole. However, the inclusion of systolic flow should not affect the zero-flow pressure, because as pressure is lowered, flow will continue during the interval when compressing pressure is least, and will not completely cease until coronary pressure falls below the lowest zero-flow pressure of the entire system. Downey and Kirk'8 would predict a nonlinear pressure-flow relationship when measurements are averaged over the entire cardiac cycle in the maximally vasodilated state. Although diastolic flow would continue to fall regularly with decreasing coronary perfusion pressure and might result in a linear relationship between pressure and flow, systolic flow would decrease only until inflow pressure has fallen to the surrounding tissue pressure, and thereafter flow in systole would cease. Nonetheless, the relationship between pressure and flow was linear in the present study. The pressure-flow relationship could be modified by the nonuniform vascular density across the left ventricular wall." In addition, the precise distribution of intramyocardial tissue pressure acting upon the intramural coronary vessels is unknown. Finally, Bellamy et al. 19 presented data challenging the functioning of a vascular waterfall mechanism for determining the transmural distribution of myocardial blood flow during diastole.
We used intracoronary adenosine to eliminate coronary vasomotor tone and thereby allow examination of the isolated effect of changes in coronary perfusion pressure on the transmural distribution of myocardial blood flow. In contrast to this experimental model, the transmural distribution of myocardial blood flow in the intact coronary system is also influenced by active coronary vasomotion. Thus, reductions of perfusion pressure are normally countered by coronary vasodilation in an attempt to maintain adequate blood flow. Rouleau et al.20 demonstrated that in the open-chest dog with intact coronary vasomotor tone, progressive reductions of pressure perfusing the cannulated left main coronary artery first resulted in maximal vasodilation of the subendocardial vessels while some degree of subepicardial vasodilator reserve still remained. Further decreases in coronary perfusion pressure then resulted in reductions of subendocardial flow as a direct function of pressure, and further vasodilation of the subepicardial vessels occurred until maximal subepicardial vasodilation was also achieved. Similarly, Gallagher et al." showed that in the presence of a critical stenosis that did not reduce resting flow but eliminated the coronary reactive hyperemic response, maximal vasodilation had occurred in the subendocardial vessels while some degree of vaso-934 ClIRCULATION motor tone remained in the subepicardial vasculature. The ability of active coronary vasomotion to maintain myocardial blood flow during decreased perfusion pressure is clearly related to the basal vasomotor state of the coronary vessels. Thus, during resting conditions in the normal coronary circulation, considerable vasomotor tone exists that could be used to maintain flow as perfusion pressure falls. Conversely, during exercise or other stress when increased myocardial activity requires a greater degree of basal coronary vasodilation to maintain adequate blood flow, a lesser degree of residual vasodilator reserve capacity would be available to influence the transmural distribution of perfusion in response to decreased perfusion pressure. 22 Similarly, when a proximal stenosis requires vasodilation of the distal coronary vasculature to maintain adequate blood flow during basal conditions, little residual vasodilator capacity may be available to further influence myocardial blood flow.
In the setting of myocardial ischemia, alterations of myocardial function, including decreased compliance and delayed diastolic relaxation, might further contribute to the redistribution of blood flow away from the subendocardium.28' 24 However, such changes would probably require more time, while the functional alterations in the transmural distribution of perfusion resulting from a gradient of diastolic intramyocardial tissue pressure increasing from epicardium to endocardium would occur immediately upon reduction of intracoronary pressure.
